Here we examine the reliability of surface comparisons in searches for active sites in proteins. Detection of a patch of surface on one protein which is similar to an active site in another, may suggest similarities in enzymatic mechanisms, in enzyme functions and implicate a potential target for ligand/inhibitor design. Specifically, we compare the efficacy of molecular surface comparisons with comparisons of surface atoms and of C α backbone atoms. We further investigate comparisons of specific atoms, belonging to a predefined pattern of catalytic residues versus comparisons of molecular surfaces and, separately, of surface atoms. This aspect is particularly relevant, as catalytic residues may be (partially) buried. We also explore active site comparisons versus comparisons in which the entire molecular surfaces are scanned. While here we focus on the geometrical aspect of the problem, we also investigate the effect of adding residue labels in these comparisons. Our extensive studies cover the serine proteases, containing the highly conserved triad motif, and the chorismate mutases. Since such active site comparisons entail comparisons between unconnected points in 3D space, an orderindependent comparison technique is necessary. The geometric hashing algorithm is ideally suited to handling such a task. It can perform both global shape matching for the whole surfaces of large protein molecules and searching for local shape similarities for small surface motifs. Our results show that molecular surface comparisons work best when the similarity is high. As the similarity deteriorates, the number of potential solutions increases rapidly, making their ranking difficult, particularly when scanning entire molecular surfaces. Utilizing atomic coordinates directly appears more adequate under such circumstances.
Introduction
Detection of a priori unknown active sites on enzyme surfaces is an extremely important endeavor, for several reasons: identification of active sites is the first step in the design of inhibitors, and drugs that effectively block the enzymes. Furthermore, being able to locate active sites on protein surfaces allows their genetic modification, enhancing their activity toward specific, predetermined ligands and functions.
There are a number of potentially feasible ways of locating an unknown active site on a known protein structure. In a recent review, Ringe (1995) surveys current approaches to the definition of a binding site. She presents some guidelines, suggesting that binding sites are generally depressions in the protein surface, 'in which there is a greater than average degree of exposure of hydrophobic groups', containing disordered, easily displaced water molecules. She further suggests that the conformationally flexible residues at the binding site are likely to be particularly useful in substituting the disordered water by the competing ligand. Laskowski et al. (1996) , in their comprehensive, detailed analysis, illustrate that active sites of enzymes are characterized primarily by large clefts. Their study indicates that the ligand is bound in the largest cleft in the vast majority of the single-chain enzymes that they have examined. Hence, frequently, the active sites of enzymes can be identified using geometrical criteria alone. Peters et al. (1996) have utilized alpha-shapes (Edelsbrunner and Mucke, 1994) , an appealing computational geometry tool, to search automatically for ligand-binding sites on protein surfaces. This purely geometry-based approach has also, consistently, found a correlation between deep clefts and enzyme active sites. A correlation between patches of hydrophobic surfaces and binding sites has also been noted (e.g., Young et al., 1994; Vakser and Aflalo, 1994; Clackson and Wells, 1995) . The investigations by Peters et al. (1996) and by Laskowski et al. (1996) have further confirmed an older observation, based on only two cases (Connolly, 1986 ) that protein-protein binding sites are characterized by shallower, flat surfaces, unlike the enzyme active sites.
While the approaches described above characterize general properties of active sites (and binding sites), here we seek a site on the protein surface which resembles a specific, known active site. Detection of such a site has several important implications and applications. Molecules with similar surface motifs frequently have similar biological features and, conversely, local surface similarity in different proteins can lead to conclusions concerning their (similar) biological functions. The biological function of a protein molecule is often elucidated by its binding site. Consequently, a comparison of binding site surfaces of different proteins should, in principle, enable investigation of their mechanisms and of their interactions. An a priori similarity of a potential binding site to a known one would further facilitate its engineered conversion.
A straightforward approach to detect an active site in proteins whose three-dimensional structures are available is to pick the known active site of the (model) protein and, using it as a template, to search for a similar one in the target protein(s). In principle, this can be implemented utilizing the molecular surfaces of the respective proteins. This approach is based on the inherent logic that geometric surface similarity, while insufficient, still needs to be observed. An underlying rationale in the development of molecular surface representation is based on such an approach. Indeed, the rationale of using molecular surface representation in docking a ligand on to a receptor follows similar lines.
This work addresses the reliability of using methods of geometric comparison of molecular surfaces in searches for active sites. To do this systematically, we consider the follow-ing. We start by describing the molecular surfaces of two entirely different groups of proteins: the serine proteases and the chorismate mutases. Each group is examined separately. Within each group, members of the subgroups are compared between themselves and across the subgroup boundaries. Hence, we compare highly similar structures (and, surfaces) , within the subgroups, and progressively less similar ones, between them. To make the investigation as thorough as reasonably feasible, every comparison between two structures is carried out several times, separately employing: (i) the geometrically described molecular surfaces, in their entirety and/or solely the active site regions; (ii) the coordinates of all the atoms belonging to the active sites; and (iii) the coordinates of the C α atoms (all the C α s of the entire proteins and/or of the active site regions). In the first group, all active sites are known. In the second, some are known, and others (e.g. for the yeast chorismate mutase) have been suggested via modeling (Xue and Lipscomb, 1995) . Within both groups, we compare the more, and the less, similar members. Additionally, the groups that we have picked for this study differ. The common feature of the serine proteases are their catalytic triads, consisting of three residues, Asp, Ser and His. Not all of these residues (or all the atoms belonging to these residues) are always on the enzymes' surfaces. Hence, the question arises as to whether comparisons of molecular surfaces would still be able to detect such an active site similarity. On the other hand, most of the residues involved in catalysis in the chorismate mutases are thought to be on the enzymes' surfaces.
Molecular surfaces are highly variable. Hence, in order to gauge the utility of geometric molecular surface comparisons reliably, for each pair of structures which are compared, the results of the comparisons of their molecular surfaces are assessed with respect to those obtained in the respective comparisons of the atomic coordinates.
This investigation of the generality, and of the usefulness, of comparisons of geometric descriptions of the protein molecular surfaces in the quest for detection of active sites, bears on a number of issues: (i) the question of the preference of utilizing molecular surfaces rather than employing the atom centers directly, whether of surface atoms or of the conformationally less variable C α atoms; and (ii) consideration of the surface exposure of residues important in catalysis. In the latter case, the question addressed can be formulated as follows: given that the catalytic residues are (partially) buried in the enzyme interior, can molecular surfaces still be used to detect active sites?
The molecular shape similarity problem is complementary to the docking one. Hence, techniques developed for addressing the docking problem, may, in principle, be applied to surface comparison. Nevertheless, there are some inherent differences as well; (i) in docking, complementary surfaces are sought, whereas here we are searching for surface similarity; (ii) in docking, overlapping molecular surfaces are penalized, but when searching for surface similarity, the more overlap, the better the solution; (iii) in docking, favorable/unfavorable receptor-ligand chemical interactions need to be considered. When surface similarity is sought, similarity in chemical attributes is certainly an advantage. As in docking, the problem of detection of surface motifs is very complex. By assuming that the molecules are rigid, and constraining ourselves to 'rigid-body' surface similarity (analogous to rigid-body docking, with only six degrees of freedom, three rotational and three translational), we reduce the complexity of the problem 264 and the number of potential solutions. Nevertheless, molecular surfaces are flexible, and active site regions may be particularly so. Indeed, flexibility may be particularly advantageous for proteins with a wider range of ligands/substrates. The less specific the receptor-ligand (enzyme-substrate) interactions, and the broader the range of binding, the more flexible the binding site may potentially be. However, adding flexibility to surface comparison routines is likely to constitute an especially complicated hurdle. In parallel, enzymes, and proteins having a broad range of bound substrates/ligands, may also make considerable use of water molecules mediating their bound molecular counterparts (e.g., Bhat et al., 1994; Ringe, 1995; Ladbury, 1996) . In a recent review, Ladbury (1996) outlines the rationale, and the supportive evidence, arguing that water may have a dual role in binding, depending on the circumstances: it may increase the promiscuity of the binding, but it can also increase the specificity and affinity. Bridging water molecules are not accounted for in the surface calculations here either. This side-chain flexibility and the issue of bound water molecules are addressed further below.
The choice of the type of description of the molecular shape is crucial for a comparison. A variety of methods have been developed to describe molecular surfaces (e.g., Connolly, 1992; Zachmann et al., 1992; Edelsbrunner and Mucke, 1994) . The solvent-accessible surface description of Richards (1977) , as represented by the Connolly surface dots (Connolly, 1981 (Connolly, , 1983 , often serves as a basis for concise shape description methodologies (e.g., Jiang and Kim, 1991; Shoichet and Kuntz, 1991; Lin et al., 1994; Lin and Nussinov, 1996) . For our purpose, the main requirements for a method describing molecular shape are that it should accurately represent the molecular features, be concise and be convenient to use in a matching technique.
From the variety of surface representations, we chose the face-center critical points technique Lin and Nussinov, 1996) . Being derived from the Connolly solventaccessible surface description (Connolly, 1983) , the points are positioned at the Connolly face centers, at key locations on the molecular surface. An added advantage of the critical points description is that it allows the molecular surface to be represented at varying resolutions, and hence enables comparison of protein surfaces at different scales, balancing the trade-off between precision of the resulting matches and the execution times. When comparing whole surfaces of protein molecules, global surface features may be more useful. However, when comparing active site surfaces, we are interested in subatomic details. The surface matching method we employ is based on the geometric hashing technique (Nussinov and Wolfson, 1991) . This technique has already been applied to comparisons of protein surfaces (Fischer et al., 1995) . The surface-point coordinates are represented in a transformationinvariant manner and indexed into a hash table. Using the surface normals we reduce the complexity of the matching algorithm and filter the resulting matches.
We carry out our study on a dataset of proteins containing a small, well studied and highly conserved motif in their active sites. We examine the obtained results to see if the motif can be found by surface comparisons. The dataset we chose includes the serine proteases and lipases, containing the SerHis-Asp catalytic triad in their active sites. This catalytic triad example has clearly shown that several factors should be considered when searching for geometric surface similarity. Firstly, some of the critical residues or atoms may be buried, and hence would not be found in surface matching. For example, the Asp triad residue participating in the catalytic mechanism is buried in all enzyme chains examined here. Secondly, a frequent problem which arises when matching molecular surfaces is the large number of potential, geometrically 'correct' solutions, most of which are false positives in terms of their biological properties. A reasonable ranking of biologically correct solutions cannot be achieved using strictly geometrical information. Further biological filtering should preferably be applied. We investigate coping with the ranking problem by assigning a label to each critical point, according to the residue type to which the corresponding surface atom belongs. Only critical points with identical labels are matched. This decreases the number of obtained solutions, and improves the ranking of the correct solutions. Labeling, however, does not improve the atomic alignment. This implies that relying solely on geometrical criteria is capable of producing a biologically correct match, although the ranking would still need to be dealt with.
Our second example includes the chorismate mutases from three different species: Bacillus subtilis, Escherichia coli and Saccharomyces cerevisiae. Specifically, we have compared two structures of the B.subtilis chorismate mutase complexed with different inhibitors, and an uncomplexed structure. There, we have found conformational changes on the surfaces, the outcome of inhibitor binding. In the comparisons of the chorismate mutases from the yeast and from the E.coli, we find similarity between sequentially diverse surfaces of the active sites.
The matching algorithm we employ here is uniquely suitable for carrying out such active-site similarity comparisons. Being independent of the residue order on the protein chain, it can handle comparisons of active sites, which are often composed of isolated, unconnected residues. While their order in different enzymes may vary, they may still be arranged in similar spatial configurations. Using the same procedure for matching surfacepoint coordinates and for matching atoms, whether C α or side-chain, contributes to make the comparisons of these datasets consistent, and reasonably complete.
Molecular recognition, and interactions, occur on molecular surfaces. Hence, it is desirable to examine the reliability of comparisons of active-site surfaces in the search for candidate sites. Here we illustrate that an adequate surface description of the respective molecules, coupled with an efficient matching routine, can reliably lead to the identification of active sites. Nevertheless, our comparisons also indicate that direct use of active-site surface templates in searches for active site similarities is particularly advantageous if the molecules are related and their similarity is considerable. In cases where the similarity is reduced, and if entire molecular surfaces need to be scanned, such a procedure is substantially more difficult. The problem may be aggravated if the catalytic residues are buried, if the atom flexibility is high or if the location of the bound water molecules differs between the sites. On the other hand, utilizing information about the likely location of the sites, and their attributes (e.g., Ringe, 1995; Laskowski et al., 1996; Peters et al., 1996) is expected to reduce the complexity of the problem. Over all, use of atomic coordinates leads to a more robust and conformationally more stable, if less precise, procedure.
Methods
Our method consists of three steps: (i) the molecular surface representation is constructed; (ii) the geometric hashing recog- nition algorithm is applied to the constructed molecular surface representation; (iii) we cluster and extend the solutions obtained by the geometric hashing algorithm. The basic algorithmic steps are shown in Figure 1 , and described in more detail below. Surface representation A representation of the features of the molecular surface provides a basis for a surface recognition algorithm. The more concise the surface representation, the better the performance of a matching algorithm. Lack of accuracy in surface representation is likely to affect adversely the fidelity of the matching. The approach we employ allows unnecessary details to be removed while preserving the essential shape features of the surface. The molecular surface is represented using sparse critical points Lin and Nussinov, 1996) . This approach is based on Richards' solvent-accessible surface representation (Richards, 1977) , as implemented by Connolly (1981 Connolly ( , 1983 . The Connolly representation produces a set of discrete points in 3D space. This representation describes the molecular surface in detail. However, high surface dot density frequently leads to computational complexity problems. On the other hand, simply reducing the dot density may lead to loss of important surface information and hence affect computational accuracy. For example, the direction of the surface normals used in surface recognition methods (Fischer et al., 1994a (Fischer et al., , 1995 Norel et al., 1995) is sensitive to the location of the surface dots.
The sparse critical points surface representation, derived from the Connolly surface, reduces the number of surface dots, preserves the shape features, describes the whole molecular surface and is independent of the dot density. Each Connolly face, defined by discrete surface dots, is substituted by one surface point, its surface normal and a face area size. The triple (surface point, surface normal, face area) composes a critical point. These critical points can be defined on either a convex, concave or saddle-shaped face, which have respectively been nicknamed a cap, a pit or a belt. A critical point location is defined as a projection of a gravity center of a Connolly face on to the face surface. The direction of the projection should coincide with the direction of the surface normal. The gravity center of the face is defined as the integral of the coordinates of the surface area elements over the face, divided by the area of the face. Each critical point is given a weight equal to the size of the Connolly face area. The critical points are located on exposed atoms and in the dents and seams between them. They cover the strategic locations of the molecular surface and are uniquely and accurately defined. The atoms' radii are those of the extended atom model of CHARMM (Brooks et al., 1983) with polar hydrogens. The probe ball radius is 1.8 Å mimicking an average organic atom. The uncertainty in the data, as estimated by Lin et al. , is about 0.1 Å for a surface point location and about 4% for the normal orientation.
Pruning the sparse critical points. Practical experience shows that it is enough to use only a fraction of the critical points, obtained by some 'pruning' criteria. The result of the pruning is a coarse, less precise sampling of the surface, though still sufficient to find similarities between molecular surfaces. The pruning operation considerably reduces the number of points and the computational and space costs of the matching algorithm while still maintaining a relatively high quality of molecular matching. In general, fine subatomic details become less important as the surface representation becomes less accurate. When pruning the critical points, one is required to preserve only details at the atomic level. We have employed two pruning operations: (i) pruning by the types of the critical points; (ii) dismissing the points which cover areas that are too small. The first operation retains only critical points originating from the convex-shaped faces, the caps. Our investigations indicate that the coordinates and normals of the caps are the most accurately located on the surface, and supply more shape description information, than pits or belts. The second operation is the removal of caps which cover Ͻ5% of the probe ball area. The choice of a pruning strategy depends on the input size and the desired accuracy in the matching.
The geometric hashing matching algorithm
Given the surfaces of two molecules as defined by their critical points, the goal is to find a rigid transformation (rotation and translation) which will superimpose one molecular surface on to another in a way such that enough of the surface critical points of the two molecules will be matched. Below, we refer to one of the molecules whose surface is compared as the 'model', and to the other as the 'target'. The algorithm is based on the geometric hashing technique. The basic outline of the algorithm has already been described (e.g., Nussinov and Wolfson, 1991; Bachar et al., 1993; Fischer et al., 1994b Fischer et al., , 1995 . Here we discuss the distinct features of the surfacebased application.
The geometric hashing technique is based on the idea of representing an object by storing redundant, transformationinvariant, information in a hash table. The matching algorithm contains two stages, preprocessing and recognition. In the preprocessing stage, which can be executed off-line and only once, the transformation-invariant features are extracted from the model, and saved in a hash table. This is a 'learning' stage. In the recognition stage similar transformation-invariant features are computed for the target, and are used to access the hash table to find possible instances of the model. We construct the transformation-invariant representation for a molecular surface by representing each critical point in each admissible reference frame. This representation contains redundant information, which allows matching unconnected surface motifs. A Cartesian coordinate system is used as a reference frame, and the transformation-invariant features are the coordinates of the surface critical points that are computed in this frame. The two reference frames, from the model and from the target, are matched if a 'substantial' number of coordinates are similar, and if additional constraints, ensuring quality matches, are met. The reference frame is built for each ordered pair of critical points satisfying the criteria defined below, and the mean direction of their normals.
Reducing the complexity. The transformation-invariant representation of a rigid body used in the geometric hashing is redundant, since the points are represented in many reference frames. This allows recognition of different, unconnected surface motifs. In practice, exploring only a fraction of the reference frames and their invariants guarantees recovering a correct solution. We consider a reference frame only if the distance between the surface points defining it is within given constraints. Similar constraints are imposed on the transformation invariants under a given reference frame. This 'maximal distance constraint' is based on the so-called 'proximity heuristic', which assumes that a match between two objects contains relatively dense regions of matching points. Applying the proximity consideration, the geometric hashing algorithm detects only matches between local surface patches, which do not cover the whole molecular surface. These matches are referred to as 'seed matches'. A transformation between local surface patches defined by a seed match can be easily computed. Using this transformation, the seed matches are extended to cover other areas of the molecular surface.
Building a reference frame. A reference frame is built for each ordered pair of critical points satisfying stipulated criteria. A Cartesian reference frame is defined unambiguously by two points and one direction if the line, connecting the points, and the direction are non-collinear and non-parallel. To remove redundant information, we substitute two surface normal directions of a pair of critical points by the mean of their normals.
Coordinate computation. By analogy to the reference frame definition, the minimal and maximal distance constraints are also imposed on the coordinate computations.
Preprocessing stage. For each close enough pair of model critical points, a reference frame is defined. For each critical point, located not too far from the points defining the reference frame, its coordinates are calculated relative to this reference frame and saved in a hash table.
Recognition stage. For each two points of the target, located not too far apart, a reference frame is defined. For each close enough critical point the coordinates in this reference frame are calculated. The hash table is accessed at the address defined by the coordinates to find matching model critical points. In practice, all table bins containing an error region around the specified bin location are considered.
Voting constraints. A 'vote' is registered for a pair of model and target reference frames if the coordinates are within the allowed error distance.
Obtaining a match. The recognition stage produces pairs of matching reference frames. For each such pair a vote counter is defined and the point pairs for which the coordinates are matched are stored in a list. If some reference frame pair scores exceed MinVote votes, the superposition of these model and target reference frames produces an alignment of at least MinVote surface point and normal pairs from the model and the target. The rotation and translation of such a superposition is computed using leasts squares. The resulting critical point pairs and the corresponding transformation are referred to as a seed match.
Clustering and extending the seed matches Clustering. Seed matches with similar transformations are clustered. Each transformation is defined by six parameters: three rotational and three translational. The distance between two transformations is defined as the Euclidean distance between their translation vectors. We consider the rotation parameters when making a decision on joining two transformations. Initially, each seed match is regarded as a cluster. The clustering algorithm proceeds in an iterative manner, joining seed matches by the proximity of their parameters.
Extension. Additional matching pairs can be obtained by aligning transformed model critical points with the target critical points and comparing the surface points' distances and normal angles. Since the protein surface critical points are rather dense, points can have close 'neighbors'. A heuristic iterative matching algorithm is used to minimize the sum of the distances between the newly matched pairs.
Finding connected components
When searching for similarity within complete molecular surfaces, one would like to leave only solutions matching connected surface patches, rather than points distributed randomly over the surface. This can be done using a connectivity filter. Two points are defined as 'neighbors' if they are less than a certain threshold distance apart. Since a match represents two superimposed surface patches, lying close to each other, we can apply a connectivity filter only to the surface of one molecule, for example, a target. Suppose that each target point of the extended match is a vertex of a graph. An edge connects vertices a and b if a and b are neighbors. Traversing the graph using a breadth-first search (BFS) algorithm, we compute the size of all connected components. If their size is below a predefined threshold (usually 10% of the match size), the match is dismissed. Otherwise, the smaller components are removed, and the match transformation is recomputed for the remaining matched pairs. The connectivity filter is relevant only when searching for similarity between large patches of the molecular surfaces. It is not used when comparing the active sites.
Results
The reliability of geometric surface matching: the catalytic triad Geometric molecular surface matching algorithms have been applied extensively to molecular recognition problems. Surface matching techniques generally produce rather long lists of potential, geometrically correct, solutions. This large number of solutions is a direct reflection of the high variability of molecular surfaces, which in turn requires deployment of liberal matching thresholds. If the 'correct' solution is known in advance, it may be picked from the list. It is desirable, however, that the correct solution could be selected from all possible solutions without any such prior knowledge. Here the problem of reasonable ranking of the obtained matches is critical. When relying on a geometric matching procedure, the criteria for solution 'goodness' are geometrical, i.e. the size of matched surface fragments and the r.m.s.d. of the alignment. In practice, however, the geometrical information is often insufficient for proper ranking in the biological sense. Hence, further chemical filtering should be used.
This work has been undertaken to assess the reliability of pure geometric surface matching. We take a small, well studied and highly conserved motif and match the surfaces containing this motif using only geometric criteria. Since the alignment of the atoms related to the motif is known in advance, the fidelity of the obtained surface matches is assessed by its 267 closeness to the known alignment. The biologically correct solution is selected among the others and its ranking is examined.
We study the fidelity of the geometric surface matching using the example of the catalytic triad. This is a small, conserved and very well studied motif, composed of a triplet of Ser-His-Asp residues. It is found in the active sites of proteases and lipases. While these residues are far apart in the amino acid sequence, they are located close to one another in the active site and are arranged in a specific way. The relative positions of the His ring and the two functional oxygens of the Ser and the Asp residues of the triad are conserved for proteins from different folding groups having a catalytic triad in their active sites. Wallace et al. (1996) have introduced a coordinate template, which enables distinction between catalytic and non-catalytic Ser-His-Asp triads. Their template is defined by the atomic coordinates of the His ring atoms and the two oxygens, from the Ser and the Asp. The alignment of the corresponding atoms of any arbitrary Ser-His-Asp triad with this template with an r.m.s. deviation of Ͻ2.0 Å indicates the catalytic nature of the triad. There may be a case where a known catalytic His-Ser-Asp triad cannot be aligned with the template with such a low r.m.s.d. This is attributed to a perturbation caused by the presence of an inhibitor.
It is known that the position of the oxygen from the additional Ser residue, which is not included in the catalytic triad, is also conserved in the trypsin-like and subtilisin-like serine proteases. Wallace et al. (1996) have used this oxygen in their template for these groups. Since, however, no such additional Ser residue exists for the two other groups, carboxypeptidases and lipases, we did not include this atom in the template in this work. Specifically, the template atoms are Ser(OG), Asp(OD2), His(CD2), His(CG), His(ND1), His(CB), His(CE1) and His(NE2).
Representative set. Wallace et al. (1996) derived their template from a representative set of 225 enzyme chains containing the Ser-His-Asp catalytic triad. They divided the chains into four structural groups: trypsin-like fold serine proteases, subtilisinlike fold serine proteases, serine-type carboxypeptidases and triacylglycerol lipases. The groups were numbered 1 to 4 respectively. The highly populated group 1 was further divided into three subgroups, 1a, 1b and 1c, containing closely related structures. To carry out the structural classification, Wallace et al. used the SSAP program (Orengo et al., 1993) .
In this work we have used molecules from the representative set suggested by Wallace et al. We have further adopted their division into groups and subgroups. The dataset we have used (a total of 24 molecules) and its resolution are noted in Table  I . The subdivision into groups/subgroups is also given in the table. As detailed below, only one molecule was used from group 4, the triacylglycerol lipases.
To estimate the divergence of the structures from the different groups, against which we can assess the geometric surface comparisons, we have performed all pairwise backbone comparisons of the molecules from the representative set, also using geometric hashing (Fischer et al., 1994b) . For each pair of compared molecules, the top match is selected. The match size has been defined by the number of aligned C α atom pairs. For each pair of chains the r.m.s.d. of the match and the relative size of the top match, computed as the percent of the match size from the size (number of C α s) of the smaller The different types of pairwise comparisons described below were executed for all pairs of the 24 enzyme chains. Since the full tables are too long to be presented here, the obtained results are discussed and given only for group representatives.
The averaged values for all pairs of groups and subgroups were also computed (not shown). The group representatives were selected as follows: for a highly populated group like the trypsin-like serine proteases, one molecule was selected from each of the three subgroups. For subtilisin-like serine proteases and for carboxypeptidases, two molecules from each group were used. The lipase group is represented by one example. has been chosen to be the measure of the quality of the obtained surface match, as these atoms are the most conserved. Furthermore, most of these template atoms are exposed to the solvent. Hence, this group of atoms is more suitable to assess surface matching. Constructing active site surfaces. The surface of the active site has been constructed using the sparse critical points. Only cap critical points are deployed. Initially, caps are generated for the entire molecular surface. Subsequently, caps located ഛ6 Å from an atom of a catalytic triad residue are retained. All other caps are dismissed. The retained caps specify the active site surface. Examining the active site surface. We first examine the constructed active site surface, which serves as an input to the surface-matching procedure. When searching for surface similarity of the active sites containing the catalytic triad motif, one expects that the biologically correct surface match would align the identical triad surface atoms, and that the r.m.s.d. of this alignment will resemble the one obtained for the template atoms alignment. However, examination of the constructed active site surfaces shows that these requirements appear to be too strong. Since in the case of surface matching we are aligning surfaces, not atoms, there are several factors that introduce deviation from the pure atomic alignment: firstly, there are differences in atom exposure between the molecules from different groups. Even within the same group there may be some divergence in the identity of the triad-related surface atoms. Secondly, an additional factor is the rotation of the triad side-chains. It is known that the template atoms are the most conserved ones. Since among the triad-related surface atoms there may be ones which do not belong to the template, the r.m.s.d. of the surface atoms alignment may be higher than the template r.m.s.d. Thirdly, we match surfaces, represented by caps coordinates and normals, rather than surface atoms. It is unclear whether the alignment of the caps bearing the same identity has the same r.m.s.d. as the surface atoms alignment. Below each of these factors is examined in detail. Surface atoms. The Asp of the catalytic triad is buried, while His and Ser are exposed to the solvent. Indeed, among the 24 molecules compared here, no cap related to the catalytic Asp has been generated. Thus, of the eight atoms composing the template, one is always buried. The caps corresponding to the His and Ser catalytic residues have been generated for all four groups. Examination of the identity of the triad-related caps reveals some deviation in the exposure of the triad atoms in the different groups of enzymes. It is known that the catalytic site of the triacylglycerol lipases is buried beneath a short stretch of helix, known as the 'lid'. A number of crystallographic studies have indicated that the lid is displaced during activation, being rolled back as a rigid body, exposing the active site. With the exception of one chain, we failed to generate active site surfaces for the lipase group. For example, for the horse pancreatic lipase (PDB code 1hpl) only one cap point has been generated, implying that the triad atoms of this enzyme are Ͼ6 Å beneath the surface of the molecule. The Rhizomucor miehei triacylglyceride lipase is represented by 269 three entries in the PDB (3tgl, 4tgl and 5tgl). 5tgl contains mostly coordinates of C α atoms and, therefore, the surface representation cannot be constructed. 3tgl contains the uncomplexed molecule; 4tgl represents the same molecule inhibited by diethyl p-nitrophenyl phosphate. For 3tgl only six caps were generated, with none related to the catalytic triad. For 4tgl, two caps for the catalytic His residue and one for Ser were generated. Here, the 'lid' may have been removed as a result of inhibitor binding, exposing the active site. Hence, it is the only one used from group 4 in the surface comparison. Thus, the first two enzyme groups have a relatively large number of exposed surface atoms, while the last two groups have most of the triad atoms buried. The least-squares alignment of the surface triad atoms. For each of the analyzed enzymes, a few caps belonging to the triad have been found which are not in the template. Since the positions of the side-chain residues are less conserved, the r.m.s.d. of the identical triad surface atoms should be a little higher than the template one. The results of the least-squares alignment of the identical triad surface atoms for the group representatives are displayed in Table II . As illustrated in the table, the atom r.m.s.d. of the surface atoms is higher than the triad template r.m.s.d., but lower than the r.m.s.d. of all triad atoms. For a pair of molecules from groups 3 (carboxypeptidases) and 4 (lipases), there are fewer than three triad-related surface atoms bearing the same identity. In this case it is impossible to compute the least-squares alignment. The least-squares alignment of the triad-related caps. In order to verify our ability to find the desired match using the critical points surface representation, we have computed the r.m.s.d. of the least-squares alignment of the identical caps related to the triad surface atoms. Since our surface-matching program uses the surface normal angle criterion when aligning the caps, the cap normals have been considered when computing the r.m.s.d. Initially, the transformation was computed from the surface coordinates of the caps bearing the same identity. Next, the cap normals of one of the molecules were rotated according to the obtained transformation. The angles formed by the normals of each pair of the aligned caps were examined. Pairs with angles above the threshold used in the surface matching were dismissed. The r.m.s.d. was recomputed for the retained caps, except for those pairs where their number was under 3. The results for the group representatives are shown in Table  II . Clearly, the cap r.m.s.d. is in most cases higher than the surface atom r.m.s.d. For the comparisons between different groups, the averaged cap r.m.s.d. is higher than the surface atom r.m.s.d. by a factor of 2, suggesting that the surface representation introduces additional noise. Surface matching. The generated surface motifs were compared. When using only geometric criteria for surface matching, the 'goodness' of the match is evaluated by its geometric parameters. To assess the biological fidelity of the obtained match, the transformation computed for the caps was applied to the triad template atoms and the fidelity r.m.s.d. of the obtained alignment was compared. For each pair of compared enzymes, the solution with the best fidelity r.m.s.d. was selected and its geometric ranking examined. There may be a case when the match with the best fidelity r.m.s.d is ranked rather low, but the matches with fidelity r.m.s.d. close to the minimal are on the top. To account for these cases, two thresholds for the fidelity r.m.s.d. were set: 1 Å for comparisons within the same group, and 2 Å for comparisons between different In these cases the best match in the geometrical sense is also the best one in the biological sense. Manual examination of the paired caps identity for the lowest fidelity r.m.s.d. matches reveals that in most cases identical, or neighboring atoms from the same residues are matched. Figure 2 depicts an example of such a match, between lacb E (group 1a) and 2lpr A (group 1b). For the comparisons between different groups, especially for groups 3 (carboxypeptidase) and 4 (lipases), the ranking is also improved, but is still rather low. This may be attributed to the insufficient number of exposed triad atoms. Full labeling. The results of surface matching using full labeling for group representatives are shown in Table IIIb . When imposing full labeling constraints, surface matching fails for pairs where one of the molecules is from groups 3 or 4 and the other from a different group. In cases where a match is detected, the fidelity r.m.s.d. is worse than previously. For other pairs of enzymes, where a match has been found, it is smaller. This indicates that in matches obtained without full labeling, not all matched caps are related to the same residues, 271 as different groups have different non-catalytic active-site residues. When strong labeling constraints are imposed, the differently labeled caps cannot be matched. In groups 3 and 4, there are only four or three exposed triad atoms, too few for correct matching. Molecules from the same groups have been successfully matched, since groups consist of related proteins, having similar residues in their active sites. We conclude that full labeling constraints are too restrictive.
Comparing molecules from group 1 (trypsin-like) and group 2 (subtilisin-like
Matching whole surfaces. All results discussed above were obtained matching the patch of the molecular surface covering the active-site area. To examine whether we are able to match the active sites when comparing the entire molecular surfaces, we picked one molecule from group 1a, an α-chymotrypsin, and compared its surface with others. To be able to match such large surface areas, we have pruned the cap points. All caps that cover surface areas Ͻ5% of the probe ball area were dismissed. In addition, we imposed the connectivity filter constraints to the surface matches. Success was achieved only in matching active site surfaces of similar molecules, i.e. the ones from subgroup 1a. We failed to match correctly the active sites of other chains. Retaining caps covering surface areas Ͻ5% of the probe ball areas, the results were rather similar to the ones obtained previously. We succeeded in matching the active sites of related molecules, and failed for the others. The number of caps describing the active site was still too small relative to the total number of caps. Matching the surfaces without pruning, the size of the input data increases by a factor of 2, which in turn increases the number of seed matches generated in the recognition stage. For the structurally diverse surfaces, this number is prohibitively high. When tightening the parameters, the number of seed matches decreases, but the active site match is lost because the parameters were too tight. Again, the active sites of similar molecules are matched successfully, since fewer matches were produced.
The chorismate mutases: active site surface comparison
Chorismate mutase (chorismate pyruvatemutase, EC 5.4.99.5) catalyzes the intramolecular rearrangement of chorismate to prephenate, which is the first step in the synthesis of tyrosine and phenylalanine. This conversion from chorismate to prephenate is carried out via the pericyclic mechanism. Despite extensive studies of the chorismate mutases, the molecular mechanism of the million-fold rate enhancement is still not understood. The low sequence similarity between chorismate mutases from different sources makes these studies particularly complicated. The structures of the chorismate mutases from three different sources, B.subtilis (Chook et al., 1994) , S.cerevisiae (Xue et al., 1994) and E.coli (Lee et al., 1995a,b) , have been solved recently (Table IV) . The S.cerevisiae and E.coli chorismate mutases (YCM and ECM respectively) have an all-helix fold, while the B.subtilis chorismate mutase has a β-barrel structure, in which helices surround a core, composed of β-sheets. The active site of the YCM has been located by superposition with the ECM active site (Xue and Lipscomb, 1995) . The active sites of all three enzymes have four conserved residues: two arginines, one glutamate and one lysine, while the other residues may be substituted. Three positively charged residues in the active site, three arginines in the case of B.subtilis and two arginines and one lysine in the case of the two other mutases, and one negatively charged glutamate, are in close contact with the inhibitor, forming hydrogen bonds. The active The table gives the best fidelity r.m.s.d. surface match, listing the number of matched cap pairs, and their r.m.s.d., the r.m.s.d. for the pairs of surface atoms related to the matched caps, the best fidelity r.m.s.d., the best fidelity match ranking, the highest ranking match with the fidelity r.m.s.d. below threshold. Ϫ indicates that the lowest fidelity r.m.s.d. is above the threshold. The tables display the alignment of atoms as they have been paired by the method. In one case (a) more atoms from the active site were paired than in the other (b). The residues are ordered by their numbers. sites of the ECM and YCM contain seven residues, while that of B.subtilis has 12 residues. The YCM differs from the other two mutases in its allosteric properties, with tryptophan being the activator and tyrosine the inhibitor (Schmidheini et al., 1990) . Since all three of these chorismate mutases bind the same compound and accomplish the same biological function, it may be expected that the surfaces of these active sites have some degree of similarity. The active-site surfaces of the chorismate mutase structures have been represented by the critical points. Caps were generated for the whole molecular surface, with subsequently retaining only those related to the atoms of the active site residues. Comparisons of the active-site surfaces of the B.subtilis chorismate mutases. There are three entries for B.subtilis chorismate mutases in the PDB (Bernstein et al., 1977) . One is the uncomplexed structure (PDB code 2chs), and two contain the structures of the enzymes complexed with prephenate (1com) and with endo-oxabicyclic transition state analog (2cht). The chorismate mutase from B.subtilis is a homotrimer. The structures of the two complexes indicate that the active site is located at the interface of the adjacent pairs of monomers in the trimer. Although the active sites of these structures are very similar, the differences are big enough to result in nonidentical surface atom sets and hence the cap sets, generated for the three active sites, are slightly different. We match the surfaces of these molecules in two steps: (i) we compare the active-site surfaces, to examine the extent of geometrical similarity between the active sites; (ii) we use the active-site surface of one molecule as a template to locate the active site of the second. Matching active-site surfaces. For each pairwise active-site surface matching, about 20 solutions are generated, ranked by the number of their matched cap pairs. Several top solutions align mostly identical residues with slightly different orientations, characterized by different transformation parameters. In all pairwise comparisons the best solution is among the top five solutions (Table V) . The atom and 'cap' r.m.s.d. is rather low, and the number of matched caps is high, indicating a high degree of similarity between the surfaces. Visual inspection of the surface atoms, corresponding to the matched caps, reveals that most pairs match identical atoms. However, for each pair of structures, there are a few pairs matching different atoms. 
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There are a few other pairs matching neighboring atoms, owing either to some conformational rearrangements or to the inaccuracy of the technique. This may happen when several caps are located very close to each other. We have also examined the difference between backbone and surface matching, comparing the C α atoms of the active-site residues (Fischer et al., 1994b) . C α atoms from identical residues were matched with an r.m.s.d. of Ͻ0.3 Å. This is lower than the atom r.m.s.d. for surface matching consistent with the fact that the backbone is less sensitive to conformational changes than the surface.
Locating an active site on a molecular surface. To examine our ability to locate an active site on the surface of a molecule, we have carried out matching of the same pairs of structures, with one represented by whole surface and the other by its active site. Each pairwise comparison obtained more than 1000 solutions ranked by the number of matched 'cap' pairs. The several top solutions align mostly the atoms from the identical residues. The best solution in the sense of low r.m.s.d. was always among the top 20. In all matched structures, the surfaceatom alignment of the best solution resembles the one obtained for the active-site surface matching; however, the r.m.s.d. in this case is slightly worse. The superposition of the surface atoms, corresponding to the matched caps, differs slightly from the one obtained by matching only the active site surfaces. The example of these three similar surfaces shows that, in spite of the conformational changes in the surface atoms, surface matching is noise-tolerant enough to reveal the similarity between the molecular surfaces, and to match closest surface atoms.
Active site surface comparison of the S.cerevisiae and E.coli chorismate mutases. The YCM and ECM are homodimers, with an all-helix structure. No sequential homology was found between these enzymes. Although the folds of these molecules differ, their active sites are similar. The structure of the ECM was solved complexed with a transition state analog, allowing locating its active site. Xue and Lipscomb (1995) located the active site of the YCM by superimposing it on the active site of the ECM. The active sites of these two enzymes are composed of four-helix bundles, 94 residues each, which they superimposed using least-squares with an r.m.s.d. of 1.06 Å. The fold in the active site region is slightly different in the two enzymes. In the ECM, one of the four helices is contributed by the adjacent monomer, while in the active site of the YCM all four helices are from the same monomer. The active site of the YCM is more exposed to the solvent than the one from the ECM. Xue and Lipscomb (1995) note that there are four residues in the ECM which interact directly with the transition state analog. The same four residues are conserved in the active site of the chorismate mutase from yeast. They are Arg16 and Arg11Ј, Arg157 and Arg28, Lys168 and Lys39, Glu198 and Glu52. (The first residue in each pair refers to the YCM, the second to the ECM. The prime denotes a residue from the adjacent monomer.) The first three residues are positively charged, the last is negatively charged. The active site of the YCM was located by directly superimposing the atoms of the ECM active site on the YCM atoms. We examine whether surface comparison locates the YCM active site at the same place, when using the surface of the ECM active site as a template. As in the comparison of the B.subtilis structures, we carry out the surface comparison in steps: (i) we enquire whether the YCM active site has a geometrically similar The best match is depicted in Figure 3 . In the last step we compare the surfaces of the YCM monomer and the ECM dimer. Xue and Lipscomb found in the active sites the four-helix bundles which superimpose with an r.m.s.d. Fig. 4 . The structure of the YCM dimer is shown as ribbons, in a manner similar to that depicted by Lin et al. (1997 
Discussion
In many ways the problem, and the implications, of searches for active site similarities are akin to those of docking. Both involve matching of molecular surfaces, whether having similar or complementary shapes. Being able to solve both efficiently, and in particular, effectively, is important in molecular and in drug design. Detection of active site similarities between two proteins implies that ligands, and inhibitors, that dock into one, will also dock into the other. On the other hand, successfully docking a ligand, which is known to bind one enzyme into a second, defines the active site for the latter. A recent relevant example is the docking of a transition state analog, taken from the crystal-complex with the ECM into the YCM (Lin et al., 1997) . The analog was successfully docked, and thereby identified correctly to the active site in the YCM. In both docking and surface similarity comparisons, the problem is compounded considerably by two difficulties: flexibility and the presence of water molecules at the binding site. These two problems may well be inter-related (Ringe, 1995) . In recent years various rigid-body docking methodologies have been developed on the basis of geometrical surface complementarity (e.g. Kuntz et al., 1982; Goodsell and Olson, 1990; Cherfils et al., 1991; Jiang and Kim, 1991; Shoichet and Kuntz, 1991; Wang, 1991; Kasinos et al., 1992; KatchalskiKatzir et al., 1992; Walls and Sternberg, 1992; Cherfils and Janin, 1993; Lawrence and Colman, 1993; Helmer-Citterich and Tramontano, 1994; Knegtel et al., 1994a,b; Norel et al., 1994 Norel et al., , 1995 Fischer et al., 1994a Fischer et al., , 1995 Jones et al., 1995; Lengauer and Rarey, 1996; Rarey et al., 1996) . Several approaches have been devised for handling flexibility in the docking. These entail either allowing side-chain flexibility at the interface (e.g. Bruccoleri and Novotny, 1992; Bruccoleri, 1993; Leach, 1994; Weng et al., 1996) or domain motions at hinge points (Sandak et al., 1995 (Sandak et al., , 1998 . The problem of which water molecules to include in the binding interface is made particularly difficult not only by their identification and prediction of the location of the critical ones; water molecules can also broaden the range of binding specificity by adopting a variable pattern of binding under different circumstances (Ladbury, 1996) .
An important practical application of molecular shape comparison techniques is in drug design. There, two approaches are often utilized: the de novo design, where a new molecule is constructed to fit the receptor (e.g. Bohacek et al., 1996 and references therein), or searching a 3D database of known protein structures, seeking a ligand to bind the receptor. The rationale behind database searching techniques is that two ligands, binding the same receptor, need to have similar geometrical and chemical properties of their active sites. Most database-searching methodologies first search for geometrical similarity. When molecules possessing the desired geometrical features are detected, the chemical properties in question are verified. Hence, geometrical molecular shape comparison is of paramount importance in the design of computational drugs.
Molecular surfaces are known to be considerably more variable than protein cores. In general, amino aids located on the surfaces of proteins have larger conformational variability than those located in the protein interior (Norel et al., 1998) . In addition, side-chains are more variable than the protein backbone. Thus, in general, backbone comparisons perform 276 better when searching for global molecular similarity than surface matching. Nevertheless, the interactions between molecules occur on their surfaces. The typically high surface variability necessitates applying larger thresholds in the similarity searches. Thus, when comparing surfaces of large molecules, a large number of potential solutions is normally obtained. The number of solutions tends to be larger for molecules with weak similarity and smaller for similar molecules.
In cases where the atoms representing a geometric motif are exposed to the solvent, our geometric surface comparison technique successfully finds them. This can be observed in the case of the catalytic triad when the triad-related caps of the trypsin-like and the subtilisin-like proteins are successfully matched. In the matching of the active sites of the ECM and the YCM, the surface matching has been found despite the amino acid sequence differences in the active-site domains of these two proteins. Thus, pure geometric surface matching is capable of finding biologically correct solutions. Labeling constraints serve to improve further the ranking of the best solution.
In this work we demonstrate that the geometric approach can be used towards surface matching in searches for active sites. It identifies active site similarities correctly and efficiently, even when the catalytic residues are (partially) buried. Our geometric hashing technique is particularly suitable for a comprehensive examination of this question. The importance of geometry in determining binding pockets has been demonstrated recently Peters et al., 1996) . Certainly, chemical characteristics need to be examined as well. The demonstration of hot spots of binding energy in the hormone-receptor interface (Clackson and Wells, 1995) , where a few hydrophobic residues are particularly important for the binding, and imperfectly packed, water-filled gaps at some locations around these, provides some insights in this direction. These findings are in agreement with theoretical predictions by Novotny et al. (1989) , who have shown that a few interactions might be sufficient for a tight binding. Implementing such considerations will further improve the reliability of surface matching for the detection of active sites.
The recent findings that for enzymes, active sites are generally in the largest clefts Peters et al., 1996) , suggests that one can confine the searches to these regions. While this would not alleviate the problem of searches for binding sites at protein-protein interfaces, their hydrophobicity, packing and disordered water considerations may provide additional clues.
Conclusions
The goal of this work was to examine the reliability of surface comparisons, in the quest for detection of potential binding sites on molecular surfaces. Here we address the question of the usefulness of geometric comparisons. Our extensive study enables a description of the strong and weak points of molecular surface comparisons. Specifically, we conclude that: (i) pure geometric surface matching is capable of finding biologically correct solutions; (ii) molecular surface comparisons work best when the similarity is high; (iii) as the similarity deteriorates, the number of potential solutions increases rapidly, making their ranking difficult, so the 'pure' geometric approach fails; utilizing additional chemical 'labeling' information may be helpful; (iv) if there are well-defined templates of atoms which characterize the active sites, utilizing these might prove a superior approach.
